Kv4.2, a pore-forming α-subunit of voltage-gated A-type potassium channels, is expressed abundantly in the soma and dendrites of hippocampal neurons, and is responsible for somatodendritic IA current. Recent studies have suggested that changes in the surface levels of Kv4.2 potassium channels might be relevant to synaptic plasticity. Although the function and expression of Kv4.2 protein have been extensively studied, the dendritic localization of Kv4.2 mRNA is not well described. In this study, Kv4.2 mRNAs were shown to be localized in the dendrites near postsynaptic regions. The dendritic transport of Kv4.2 mRNAs were mediated by microtubule-based movement. The 500 nucleotides of specific regions within the 3'-untranslated region of Kv4.2 mRNA were found to be necessary and sufficient for its dendritic localization. Collectively, these results suggest that the dendritic localization of Kv4.2 mRNAs might regulate the dendritic surface level of Kv4.2 channels and synaptic plasticity. [BMB reports 2010; 43(10): 677-682]
INTRODUCTION
Voltage-gated A-type current (IA), which is rapidly activated in subthresholds and inactivated in response to membrane depolarization, is known to regulate action potential (AP) frequency (1, 2) . Somatodendritic IA current performs a pivotal function in synaptic integration and synaptic plasticity, by modulating membrane excitability or by inhibiting the back-propagation of dendritic APs (3-7). Kv4.2, a pore-forming α-subunit of voltage-gated A-type potassium channels, is expressed abundantly within the soma and dendrites of hippocampal neurons (8) (9) (10) (11) , and is responsible for most of the somatodendritic IA current (7, (11) (12) (13) -dependent down-regulation of Kv4.2 channels in the membrane surfaces of hippocampal neurons (14, 15) .
The dendritic transport and translation of some mRNAs are relevant to synaptic plasticity (16, 17) . Proteins synthesized in the dendrites are required for the induction of CA3-CA1 long-term potentiation, by treatment with brain-derived neurotrophic factor (BDNF) (18) , and for long-term depression induced by the activation of group I metabotropic glutamate receptor (19) . Dendritic protein synthesis is regulated at the translational level and during mRNA trafficking or localization in response to synaptic activity. This list includes the mRNAs of Ca 2+ /calmodulin-dependent protein kinase II α-subunit (CaMKIIα), activity-regulated cytoskeleton-associated protein (Arc), β-actin, microtubule-associated protein 2 (MAP2), NMDA receptor NR1 subunit, inositol triphosphate (IP3) receptor, and BDNF (20) (21) (22) (23) (24) (25) (26) .
Considering the functions of ion channels in neurons, it might be suggested that the regulation of the dendritic levels of ion channels might exert more significant effects on both neuronal excitability and function. Recently, the surface level of Kv1.1, a fast-activating and slow-inactivating (A-type and delayed rectifier-type) K + channel, in the dendrites of hippocampal neurons was shown to increased with the inhibition of mammalian target of rapamycin (mTOR) or NMDA receptor. This finding suggests that Kv1.1 operates as a candidate protein, the level of which on the dendrite surfaces is regulated via local synthesis (27) .
Thus, we determined the site of localization of Kv4.2 mRNAs in the dendrites and a cis-acting element for dendritic targeting. We found that Kv4.2 mRNAs were localized within the dendrites near the postsynaptic regions. The Kv4.2 mRNAs were transported via microtubule-based movement to dendrites. The 500 nucleotides of specific regions in the 3'-untranslated regions (UTRs) were found to be necessary and sufficient for the dendritic localization of Kv4.2 mRNA. http://bmbreports.org 
RESULTS AND DISCUSSION

Dendritic localization of Kv4.2 mRNA
We attempted to determine whether or not Kv4.2 mRNA is localized in the dendrites of cultured hippocampal neurons. We detected significant in situ signals of Kv4.2 mRNA in both the cell body and the dendritic regions (Fig. 1A, B ). To evaluate the dendritic level of Kv4.2 mRNA, we compared the relative intensities of the in situ signal of Kv4.2 mRNA (percentage ratio between cell bodies and dendrites) with those of the CaMKIIα mRNA, which is already known to be localized in the dendrites (28, 29) . The Kv4.2 mRNA (Kv4.2 mRNA: 26.56 ± 3.93%, N = 5) and CaMKIIα mRNA (CaMKIIα mRNA: 30.68 ± 2.74%, N = 6) values were comparable and not significantly different (Fig. 1C) , which suggest that a substantial level of Kv4.2 mRNA is localized in the dendrites.
In order to examine whether or not Kv4.2 mRNA dendritic transport is transport via a simple diffusion, we inhibited microtubule polymerization by a drug treatment, nocodazole. The Kv4.2 mRNAs were transported to each region in dendrites of control group (not treated). However, the nocodazole treatment significantly reduced in situ signals of Kv4.2 mRNA in the dendrites ( In a subsequent experiment, more specific localization of Kv4.2 mRNA in the dendritic regions was evaluated via in situ hybridization with Kv4.2 riboprobes and immunostaining for PSD-95 (a postsynaptic marker protein), or Synaptophysin (a presynaptic marker protein). The in situ signals of Kv4.2 mRNA were localized in the dendrites or near the immunoreactivities of PSD or Synaptophysin, which indicated significantly greater colocalization with PSD-95 (73.58 ± 4.39%, N = 8 dendrites, total 722 μm) than with Synaptophysin (29.13 ± 4.94%, N = 8 dendrites, total 523 μm), as evident in Fig. 3 .
Isolation of a cis-acting element for the dendritic localization of Kv4.2 mRNA
The targeting sequences in most mRNAs destined for localization in dendrites are located in the 3'UTR and range from greater than 1 kb to a few nucleotides (30, 31) . Thus, we evaluated the regions of Kv4.2 mRNA that are involved in dendritic transport with a visualization system that uses the GFPlinked bacteriophage MS2 protein and its binding sites (32) . In this evaluation, if a region of interest of mRNA was not transported to the dendrites or was not present, the MS2-GFP proteins bound for the MS2 binding sites accumulated in the nucleus because of a nuclear localization signal (nls). In contrast, if a region of interest of mRNA was transported to the dendrites, MS2-GFP proteins were exported from the nucleus, which allowed visualization via GFP in the dendrites (32) . Additionally, transfected neurons were subjected to immunostaining using anti-microtubule-associated protein 2 (MAP2), http://bmbreports.org BMB reports which is widely utilized as dendrite-specific marker protein, antibody. For the initial step in this process, we evaluated the 5'UTR, coding regions, or 3'UTR of Kv4.2 mRNA. Consistent with the results of previous studies, the current study also found that the 3'UTR of Kv4.2 mRNA was required for its dendritic targeting (Fig. 4) . Subsequently, we examined in more detail the regions involved in dendritic targeting. We constructed a series of truncated mutants in the 3'UTR of Kv4.2 mRNA via the serial deletion of approximately 500 nucleotides from the stop codon to the poly (A) tail regions (2471-2970, 2471-3464, and 2471-3999 nucleotides), and evaluated the effects of each of the mutants on dendritic transport. As a consequence, the 2471-2970 nucleotides were found to be required for dendritic transport. The 2471-2970 nucleotide regions were divided into 2471-2691 and 2691-2970 nucleotide regions, and we reassessed the effects of each region on dendritic transport. Interestingly, both regions were found to be sufficient for dendritic targeting (Fig. 4) . Consistently, the http://bmbreports.org 
2970-3464 nucleotides were not required for dendritic targeting (data not shown).
Many studies have reported that the cis-acting elements, which are involved in dendritic transport, are located in the 3'UTRs of a certain mRNA (28) (29) (30) (31) (32) (33) (34) . Consistent with the finding of previous studies, we also found that a 500-nucleotide element in the 3'UTR of Kv4.2 mRNA was both sufficient and necessary to mediate its dendritic transport. Unfortunately, we failed to detect any conserved elements, such as a 21-nucleotide element in myelin basic protein mRNA (34) or a 30-nucleotide element in CaMKIIα mRNA (29) . It is fairly probable that the 500-nucleotide regions might harbor a 20-30-nucleotide cis-acting element for dendritic targeting.
If Kv4.2 mRNA is transported to the dendrites, what role is played by the locally synthesized Kv4.2 channel? It was previously theorized that local protein synthesis in dendrites provides input or synaptic specificity to changes in synaptic efficacy (16, 17) . The Kv4.2 channels synthesized on-site might play a role in synaptic-specific changes in efficacy. Thus, the dendritic localization of Kv4.2 mRNA and its subsequent translation might be finely regulated by synaptic activity. However, more details concerning the dendritic transport of Kv4.2 mRNA remain to be determined in future studies.
MATERIALS AND METHODS
Hippocampal neuron culture
Dissociated hippocampal neuron cultures were prepared from 1-day-old post-natal Sprague Dawley rat pups, as described previously in other studies (35) . The neurons were plated onto poly-D-lysine-coated coverslips at a density of 10,000-20,000 cells/cm 2 . The cultures were maintained and matured in growth medium (Neurobasal-A supplemented with B-27 and Glutamax-1, Invitrogen, Carlsbad, CA) for 12 days prior to use.
In situ hybridization and immunostaining
Probe preparation and in situ hybridization were conducted as in the previous experiment (35) . Overnight hybridization was conducted using a hybridization solution containing 1-2 μg/ml of digoxigenin (DIG)-labeled antisense or sense Kv4.2 (2.3 kb) and CAMKIIα probes at 65 o C. The cultures were subjected to a series of stringent washing steps, and then incubated overnight with alkaline phosphatase-coupled anti-DIG antibody, fluorescein isothiocyanate (FITC)-conjugated anti-DIG antibody (Roche, Penzberg, Germany) at 4 o C. After the washing step, alkaline phosphatase signals were developed via the addition of nitro blue tetrazolium chloride/5-bromo-4-chloro-3-indolyl phosphate (NBT/BCIP, Roche) to the cultures at room temperature. For nocodazole treatment, the cultured hippocampal neurons were treated with 20 μM nocodazole (Tocris, Avonmouth, United Kingdom) or without for 12 h, respectively and subjected to in situ hybridization using riboprobes for Kv4.2 mRNA.
To quantify the in situ results, the development time of the http://bmbreports.org BMB reports signal was empirically determined at less than 24 h to avoid saturation of the in situ signal. The in situ images were acquired with a Nikon inverted microscope (ECLIPSE TE2000-U, Tokyo, Japan) equipped with a cooled charge coupled device (Cascade 512B, Photometrics, Tucson, AZ), or with a confocal microscope (TCS-SP2 AOBS, Leica Microsystems, Heidelberg, Germany). Immunostaining was conducted as described previously (35) 
GFP-MS2 reporting system
The constructs, involved in the visualization system using GFP-tagged bacteriophage MS2 RNA-binding protein, were generously provided by Dr. Kenneth Kosik (University of California, Santa Barbara, CA Table S1 for primers and their sequences) and inserted into the BglII/NotI site of the pRSV-MS2bs vector, which resulted in pRSV-MS2bs-a region of interest of the Kv4.2 mRNA 3'UTR. Each plasmid or pRSV-MS2bs-CaMKIIα 3'UTR vector, as a positive control, and pCMV-GFP-MS2-nls (nuclear localization signal) were introduced to cultured hippocampal neurons via the Ca 2+ -phosphate method (36) . After 36 h of incubation, the neurons were fixed, stained with anti-MAP2 antibody, and analyzed to confocal microscopy (Leica Microsystems).
Image analysis
Typical hippocampal pyramidal neurons with similar morphologies were selected for image analysis with phase contrast microscopy and/or fluorescence imaging, and a single primary dendrite of ＞100 μm in length was scored in each analysis. The relative intensity of in situ signals was represented as a ratio of values in dendrites (21-50 μm) to those in cell bodies (%). To avoid the diffusion of cell body signals, dendritic regions of 1-20 μm were excluded in the data analysis. The images were analyzed using the straighten mode and colocalization threshold mode of the NIH image analysis program (ImageJ ver: 1.42q, Bethesda, MD) to measure the colocalization of Kv4.2 mRNA with synaptic marker proteins or Stau2-containing RNP complexes. All image acquisitions and analyses were conducted in a blinded manner. All data are expressed as means ± SEMs. Student's t-tests were used to evaluate the statistical differences between the two groups.
